Background: The purpose of this article is to evaluate the cost-effectiveness of school closure during a potential influenza pandemic and to examine the trade-off between costs and health benefits for school closure involving different target groups and different closure durations. Methods: We developed two models: a dynamic disease model capturing the spread of influenza and an economic model capturing the costs and benefits of school closure. Decisions were based on quality-adjusted life years gained using incremental cost-effectiveness ratios. The disease model is an age-structured SEIR compartmental model based on the population of Oslo. We studied the costs and benefits of school closure by varying the age targets (kindergarten, primary school, secondary school) and closure durations (1-10 weeks), given pandemics with basic reproductive number of 1.5, 2.0 or 2.5.
Background
Influenza pandemics occur at irregular intervals and cause significant mortality and morbidity as well as substantial economic losses [1] . School closure is a possible strategy for mitigating transmission during the early phase of a pandemic when vaccine is not yet available. School closure has three main consequences: reducing the total disease burden, postponing the peak of infection and lowering the peak prevalence of the disease. Postponing the pandemic increases the time available for strain-specific vaccine production and distribution, and allows for more time to prepare for the peak workload in health care settings. Lowering the peak of the pandemic reduces the risk for overloading of health services and shortage of health care personnel due to influenza sickness.
Schools are thought to play a special role in transmission due to high contact rates among school children combined with higher susceptibility among children compared with adults. During the A(H1N1) pandemic in 2009, the estimated infection rate among school children was significantly higher than that of the general population [2] . However, extended school closure is costly and may cause significant disruption to local communities by keeping working parents away from work and reducing school children's learning time. Quantifying the costs and benefits of school closure might help inform pandemic policy making.
There is currently no consensus about the expected health benefits of school closure [3] . Previous studies have investigated the impact of school closure either by analysing data from previous pandemics and epidemics or by computer simulation. The historical data approach includes studies of the 1918 influenza pandemic and suggests that school closure, combined with other interventions, lowered the disease burden and that the timing and duration of such interventions mattered [4, 5] . A 2009 study of eight European countries indicated that during holidays and weekends the social contact patterns of children and the basic reproductive number were reduced by almost a quarter [6] . However, little effect on transmission was observed during a two-week kindergarten and primary school closure in Hong Kong in 2008 [7] . The estimated impact of school closure from computer simulations varies widely depending on model assumptions about how children contribute to influenza transmission, virus transmissibility and illness threshold when school closure is triggered [8] [9] [10] [11] [12] . Only a limited number of studies have explored the cost of school closure. Two studies focused on productivity loss of caretaking parents suggest that school closure for 12 weeks may cost 0.2-1% of GDP in the UK [13] , and 4 weeks closure 0.1-0.3% of GDP in the US [14] . To reduce the economic loss from working parents, reactive short-term (1-4 weeks) school closure has been studied, where schools are shut when ICU units reach peak demand [15] , but the optimal timing of such interventions may be difficult. Some studies have combined cost estimates with micro-simulation models [16] [17] [18] [19] or dynamic compartmental models [20] . While the assumptions used in the studies differ, the general picture in the costeffectiveness is that school closure may be effective under high transmissibility, and/or high severity. Some of the studies were based on the characteristics of the 2009 H1N1 pandemic. Halder and co-workers [16] found that productivity losses due to sick leave and taking care of children when schools are closed were the dominating part of cost. A similar result was obtained in a study by Brown and co-workers [17] suggesting that the cost of school closure may far outweigh the cost saved from reducing the disease burden when the severity is low, regardless of the transmissibility.
In this study, we estimated potential costs and health benefits of school closure when implemented before substantial transmission of influenza among children has occurred (proactive school closure). We combined the cost estimates with a dynamic epidemiological transmission model, and determined the optimal closure strategy based on incremental cost-effectiveness ratios. Our study complements previous work on school closure by focusing on the age of the target school children, covering several scenarios for transmissibility, closure duration and severity. The study may be useful for public health authorities and may inform preparedness planning for future influenza pandemics.
Methods

Background
We modelled the impact of school closure in the context of a local community, using the capital city of Norway, Oslo, as the study setting. The city has a population size of 587 000, covering 12% of the Norwegian population. The unemployment rate is low (3.4%) and women's participation in the labour force is high (70% of women aged 15-74 are employed) [21] . The education system is composed of primary school for children aged 6 to 12 years and secondary school for children aged 13 to 18 years. The attendance rate in kindergarten is approximately 90% for children aged 1 to 5 [21] .
The disease model
We considered a closed population of size N=587 000, ignoring demography (births, deaths and immigration) since influenza epidemics are of very short duration. We divided the population into six age groups (i=1-6): 1-5 years (6.7%), 6-12 years (7.2%), 13-18 years (6.9%), 19-39 years (36.6%), 40-64 years (30.5%) and 65+ years (12.2%). We modelled a pandemic influenza using a deterministic dynamic SEIR (Susceptible-Exposed-InfectedRecovered) model [22] . People in each age group are divided into four mutually exclusive compartments: susceptible, infected symptomatically, infected asymptomatically, and recovered with immunity/dead from influenza ( Figure 1 ). People progress from one compartment to another at the rates determined by the contact pattern and characteristics of the virus.
A susceptible individual (S i ) becomes infected according to the age-specific force of infection λ i . Newly infected individuals first enter the exposed state (E i ) where they are infected, but not yet contagious, before developing either symptomatic infection (IS i ) or asymptomatic infection (IA i ). To obtain more realistic distributions of the exposed and infectious periods, we divided these periods into n i stages, where the progression from each stage occurs at a rate r i = n i /D i , where D i is the mean duration of period i = E, IS, IA. This gives gamma distributed waiting times with shape parameters k = n i and scale parameters θ = D i /n i . The mean duration of the exposed period was set to 1/σ = 1.9 days (17;18) and modelled in n E = 3 stages. Individuals in the last exposed stage were assumed to be infectious with infectivity 50% compared to the infectivity of symptomatic infection, as viral shedding increases after one day following transmission [23] . We assumed that a proportion p=0.67 will become symptomatically infected while a proportion (1-p)=0.33 develop asymptomatic infection [24, 25] . The average duration of the symptomatic infectious period was set to 1/γ c =7 days for children (i=1, 2) and 1/γ a = 5 days for adolescents/adults (i=3-6) [23, 24, 26] and modelled in n I = 5 stages. Infectivity during the stages was set at 100%, 100%, 50%, 30% and 15% in accordance with data showing that viral transmission peaks during the early period after symptoms develop [23, 27] . We assumed that asymptomatic infections are 50% as infectious per contact as symptomatic infections [23] , but with similar duration and infectivity profile as symptomatic infections. However, other studies have found that asymptomatically infected individuals might be less important for transmission [28] . At the end of the infectious stage, people either recover or are removed from the system due to death. Individuals who have recovered from infection (R i ) are assumed be protected from reinfection during the course of the simulation. The system can be described by a set of differential equations for each age group i=1-6:
Where λ i is the per capita force of infection for a susceptible individual in age group i to become infected and β ij is the transmission rate from age group j to age group i The age-specific force of infection λ i is a product of age-specific contact rates, the prevalence of the infectious people (I i ) and the probability of transmission given contact (q). We obtained the contact rates based on conversational data from a study in the Netherlands [29] . We employed a WAIFW matrix ("Who-acquiresinfection-from-whom" matrix) based on the contact rates between age groups. The basic reproductive number (R 0 ) was calculated as the largest eigenvalue in the next generation matrix (23) . The basic reproductive number is "the average number of secondary cases arising from an average primary case in an entire susceptible population" [22] . Through varying the value of q, we can produce the desired R 0 .
The differential equations were solved numerically using a fourth-order Runge-Kutta method with adaptable step size in Matlab 2009. It is unclear whether cross-immunity from past exposure to influenza will provide protection against a future pandemic strain. We assumed that the population was fully susceptible to the novel pandemic strain at the beginning of the simulation. Transmission was initiated at day t i =1 by moving a proportion of 10 -6 of susceptible in each age class into the exposed class. The simulation was run for a period of t=250 days.
The transmissibility of a future pandemic strain is a major source of uncertainty. For this reason, we tested the model with three different basic reproductive numbers R 0 =1.5, 2.0 and 2.5. The school closure intervention was initiated when the prevalence of symptomatic infections had reached 1% of the population and was Figure 1 The dynamic influenza transmission model. assumed to have full impact from this point in time. In the baseline scenario (scenario A), we assumed a 90% reduction in contacts among isolated children/adolescents with individuals in their own age group and a 25% decrease in contacts with other age groups. We did not consider changes in the contact patterns of affected parents taking care of children at home in this baseline scenario.
One-way sensitivity analysis
To account for some of the uncertainty in the model, we performed additional simulations varying assumptions about: the behaviours of care-taking parents, the behaviours of dismissed student during school closure and the case fatality rate (CFR).
In Scenario B, we introduced a 50% reduction in same age contacts among care-taking parents absent from work; in Scenario C we reduced the same age contact of dismissed children by 50% instead of 90% in the base case, and by 10% with other age groups instead of 25% to simulate low compliance among affected children; in Scenario D we increased the case fatality rate (CFR) by a factor of 10 compared to the baseline scenarios, using CFR of 1-2% in children and adults below 65 years similar to the level observed during the Spanish flu [30] ; in Scenario E we reduced the CFR by a factor of 10 relative to the baseline scenarios, using CFR of 0.01-0.02% to simulate a mild pandemic. Finally, in Scenario F we modelled a pandemic with similar characteristics as the 2009 H1N1 pandemic. In these simulations, we assumed an R 0 of 1.3. 60% of the populations in the 65+ year old age group and 10% of the 40-64 year old age group were assumed to have prior immunity. We also reduced the case fatality rate in accordance with Norwegian data showing that approximately 30 people died from H1N1 influenza (http://www.fhi.no/dokumenter/6cbae0eece.pdf).
The economic model
The costs of school closure comprised parents' productivity losses and students' loss of learning. Avoided costs resulted from less use of health care resources, less loss of productivity and less use of energy in school buildings. Health benefits were expressed as gained qualityadjusted life-years (QALYs). Productivity loss due to illness and health benefits were included for cases of mortality and cases of morbidity. We used 2008 data (US$1.00=NOK7.00 [21] ) for all economic calculations. All future costs and health outcomes were discounted by 4% as recommended by the Ministry of Health.
Costs of school closure
Absence from school means lost learning hours and potentially permanent loss of learning and income [31, 32] . We searched the literature and databases, and contacted experts in education and educational economics. We were unable to identify any studies that directly address the issue of learning consequences of school closure. We assumed that this was the case only for students in upper secondary schools while children in kindergarten, primary and lower secondary school have no loss of learning from some weeks' school closure. Most schools in Norway are public and free of charge, but some private schools offer upper secondary school education. Here, the tuition fee for one school year comprising 40 weeks was $8143, which is equivalent to $203 per week. We used this amount as an estimate of the value of lost learning.
School closure will keep working parents at home to care for children who are affected by the intervention. We assumed that students over 12 years do not need parental care during school closures. Similar to Sadique's study [13] , we assumed that only one parent is needed to care for children in a single household during school closure. Consequently, we distinguished between children living together with a single parent and with two parents. The percentages of both parents working were 66% among married couples with children and 78% among co-habitant couples with children (personal communication with Statistics Norway, 12 March, 2010). The percentage of working single parents was assumed to be the same as the percentage of working people in the same gender group (90% for men and 85% for women) [21] . We multiplied these percentages by the number of married couples, co-habitant couples and single parents, respectively. The sum of the products was taken as the number of individuals who would be absent from work during school closure.
We estimated the productivity losses from parents' work absenteeism by multiplying the number of individuals that would need to be away from work during school closure with the number of days when schools are closed under different scenarios. The value of one day's work was set equal to the national average wage rate (US$290 per day) plus 40%, which accounts for the value of productivity that is not returned to the worker as wages, including employer tax, payment for holiday and pension contributions.
Reduction of total cost due to school closure
The model outcome for symptomatically infected was divided into four types: mild cases who receive no medical care, moderate cases who receive outpatient service, severe cases who are hospitalized and fatal cases. Since the severity of a future pandemic is unknown, we used estimates of case fatality rates and health outcomes based on data from previous pandemics [33] (Table 1) . We assumed that people with asymptomatic infection incur no economic costs, and therefore they were ignored in the economic analyses. The medical costs were estimated as the sum of mild, moderate and severe cases, multiplied by their respective unit costs. The unit costs were taken from a recent study of influenza costs in Norway [34] . Loss of productivity associated with influenza has two components: the loss of working hours for the symptomatically infected and the loss of potential productivity for the fatal cases. Productivity losses due to morbidity were valued in the same way as parents' work absenteeism. Productivity losses due to mortality were valued according to the remaining life expectancy at the relevant ages, discounted by 4% and with the assumption that people participate in the work force until age 65.
The avoided school heating cost was estimated using data from the Educational Buildings and Property Department in Oslo municipality.
Health benefits
Assuming that school closure will reduce the number of symptomatic and fatal influenza cases, we expressed the health benefits from school closure in terms of qualityadjusted life years (QALYs). For those who are symptomatically infected, we used utility scores from a Canadian study [35] . These utility scores represent the utility people have on each of the seven days since the onset (0 for worst possible health and 1 for normal health). The utilities are 0.41, 0.47, 0.58, 0.67, 0.73, 0.78 and 0.81 for day 1 to day 7, respectively. For those who died due to the illness, the QALY loss was calculated from the remaining life expectancy at the age of death predicted by the disease model and the discount factor.
Intervention strategy scenarios
We explored the costs and benefits of intervention policies with different durations (from 1 to 10 weeks) and for different target groups (closing kindergarten alone, primary school alone, secondary school alone, kindergarten and primary school or all three).
Uncertainty in cost-effectiveness estimates
To quantify the uncertainty in the cost-effectiveness ratios, we performed a probabilistic sensitivity analysis (number of simulations=1000) on the selected strategy for R 0 = 1.5, 2.0 and 2.5, incorporating the uncertainty in the demographic parameters, disease parameters, disease outcomes and economic parameters (Table 1 ). In addition, we reduced the work loss of care-taking parents by 0-30% (uniform distribution) assuming that some children were cared for by relatives or other persons, or that part of their work loss could be carried out through work from home or through work at a later time. The results were presented graphically by means of cost-effectiveness acceptability curves (Additional file 1: e- Figure 1) . Figures 2, 3 show the epidemiological results of school closure. In the absence of intervention, our baseline model predicts 216 000, 300 000 and 340 000 symptomatic infections in the Oslo population for R 0 =1.5, 2.0 and 2.5 pandemics, corresponding to clinical attack rates (AR) of 37%, 51% or 58%, respectively ( Table 2 ). The relative effectiveness of the interventions increased with lower R 0 values but required longer closure time to achieve the health benefits (Figure 3 ). School closure lowers the attack rate with up to 7-22%, 4-13% and 2-9% with R 0 =1.5, 2.0 or 2.5; these reductions are achieved after approximately 10, 8 and 7 weeks of closure ( Figure 3) . The peak prevalence of symptomatic infections was reduced correspondingly with up to 7-36%, 6-26% and 5-20%. To reach maximum reduction, school closure must be maintained for some weeks and beyond the point in time when the mitigated pandemic passes through its natural peak (Additional file 1: e- Figure 2) . If schools are re-opened earlier, the pandemic will rebound. This will also happen if the intervention stops in the wake of the pandemic, provided the effective reproductive number of the un-mitigated pandemic is still above 1. Consequently, the maximum delay of the peak occurred for intermediate closure durations. The peak was delayed by up to 8-10 days (R 0 =1.5), and to 4-5 days for R 0 =2.0, 2.5. To avoid restarting the epidemic, we found that closure must be effective for at least 3-4 week for R 0 =1.5, and 2-3 weeks when the transmissibility is higher.
Results
Epidemiological impact of school closure
The baseline scenarios gave an estimated 93 000-147 000 outpatient visits, 1 900-3 100 hospitalizations and 590-990 deaths ( Table 2 ). The simulation runs showed that a 12-week school closure would reduce the attack rate by up to 22%, 14% and 7% for R 0 =1.5, 2.0 and 2.5 pandemics. The reductions in disease outcomes where Γ is the Gamma function.
followed the reductions in attack rate, with slightly higher reductions in outpatients (6%-25%) and slightly lower reductions in inpatients and deaths (4%-20%) for a 12-week closure with R 0 =1.5, 2.0 or 2.5 in the base case.
Economic impact
Without school closure, the total health care costs would be $21 million, $29 million and $33 million, productivity losses due to mortality would be $313 million, $428 million and $480 million and productivity losses due to morbidity $102 million, $139 million and $155 million, for basic reproductive numbers of 1.5, 2.0 and 2.5 (Tables 3, 4 and 5). Depending on the type and duration of school closure, the cost of lost learning would be $0-32 million, while the cost of lost productivity were in the range of $0-630 million, and reduction in school heating costs varied between $0.18 and 5.4 million. The total influenza related costs would range from $435 million to $1285 million from the societal perspective (Tables 3, 4 and 5) . Health benefits from school closure would range from 15 QALYs to 2056 QALYs depending on R 0, the age target group and the duration of school closure (Tables 3, 4 and 5). Our results indicate that in the baseline scenario, closing secondary schools for 8, 6 and 4 weeks, when R 0 is 1.5, 2.0 and 2.5 respectively, is the most cost-effective strategy when indirect costs are accounted for. Closing secondary schools is cost-effective given a wide range of costeffective threshold ratios, as shown by cost-effectiveness acceptability curves (Additional file 1: e- Figure 1 ). The strategy of closing secondary was also cost-effective for varying closure durations (data not shown).
Sensitivity analyses
The sensitivity analyses confirm that closing secondary schools is the optimal strategy from a societal perspective, unless the case fatality rate (CFR) is very high.
Scenario B: Reduced (adult-adult) contact among care-taking parents. We found increased effect of school closure relative to the baseline scenarios. The estimated reduction in the attack rate compared to an unmitigated pandemic was 8-30%, 4-16%, and 3-10%, for R 0 =1.5, 2.0 and 2.5 pandemics, respectively ( Table 2 ). The corresponding optimal strategies were closing secondary schools with durations of 8 weeks, 6 weeks and 4 weeks, identical to the findings in the baseline scenario (Additional file 1: e- Table 1 ; I-III).
Scenario C: Reduced compliance of dismissed children/students to stay at home. The simulations showed an overall small effect of school closure. The estimated maximum reduction in the attack rate compared to an unmitigated pandemic ranged between 3-11%, 2-6% and 2-3% for R 0 =1.5, 2.0 and 2.5, respectively ( Table 2 ). The optimal strategies were closing secondary schools for 7, 4, and 3 weeks (Additional file 1: e- Table 2 ; I-III), indicating a shorter optimal period of one week compared with the baseline model for R 0 =1.5 and 2.5.
Scenario D: Increasing the case fatality rate by a factor of 10. This means increasing the severity of the pandemics to levels similar to those observed during the Spanish Flu [36] . In this case, the optimal strategies were closing kindergartens, primary and secondary schools for 9 weeks if R 0 =1.5, 7 weeks if R 0 =2.0, and 5 weeks if R 0 = 2.5 (Additional file 1: e- Table 3) .
Scenario E: Decreasing the case fatality rate by a factor of 10. In this case, when R 0 =1.5, closing secondary school for 6 weeks is most cost-effective. Otherwise, there is no cost-effective strategy among the strategies we examined (Additional file 1: e- Table 4 ).
Scenario F: Pandemic with 2009 H1N1 characteristics. The results show that the added cost of school closure was higher than not closing schools, regardless of the age target of school children. Consequently school closure would not have been cost-effective during the 2009 H1N1 pandemic (Additional file 1: e- Table 5 ).
Discussion
Our study shows that school closure during influenza pandemic has a moderate impact on the total disease burden. The cost-effectiveness of school closure varies considerably across different strategies with different target groups and durations. Generally we found that for R 0 =1.5, 2.0 and 2.5 pandemics with case fatality rates of 0.1-0.2%, only those strategies involving closure of secondary schools were cost-effective from a societal point of view. The study shows that optimal school closure depends on the transmissibility and severity of the pandemic and may provide guidance to local policy planning. The optimal duration of closing secondary schools is shorter (4 weeks) with R 0 =2.5 compared to 8 weeks with R 0 =1.5. In contrast, school closure involving primary schools and kindergartens incur substantial economic costs due to lost productivity of care-taking parents. Consequently, most school closure strategies cannot be considered cost-effective (Tables 3, 4 and 5) at current values of quality adjusted life-years in Norway [37] . However, school closure involving children in need of parental care may be indicated when case fatality rates are high, for instance in the event of a future pandemic with an avian (H5N1) virus.
We also simulated a pandemic with characteristics of the 2009 H1N1 pandemic. Our results suggest that school closure as a single intervention would not have been costeffective during the recent pandemic. This finding is in agreement with results by Brown and co-workers [17] , who found that the net costs of school closure during the 2009 H1N1 pandemic would have been substantially higher than the cost savings from preventing influenza disease. However, other studies indicate that school closure might have been cost-effective, despite the low severity and low transmissibility of the 2009 H1N1 pandemic. Halder and co-workers [16] found that short-duration school closure of 2 to 4 weeks would be relatively costeffective while in general school closure intervention as a single strategy would be less efficient than strategies involving widespread use of antivirals, and Araz and coworkers found that a 0.5% prevalence closure trigger followed by a 12 week closure would be cost-effective [20] . Our findings are similar to other computer simulation studies [8] [9] [10] 17, 36] and a surveillance data study from Hong Kong [7] , all of which indicate that the impact of school closure on the pandemic is modest. In general we found that school closure peak timing was delayed with only few days compared with that of an unmitigated pandemic. The delay increased with lower transmissibility. The maximum delay was observed for intermediate closure durations, when the epidemic re-started influenced by the higher transmissibility of the unmitigated pandemic (R eff > 1). A micro-simulation study by Lee and co-workers [9] also show that intermediate duration closure produces the longest delays. However, their observed delay for long closure duration was longer: 4-8 days for system wide school closure for R 0 =1.4-2.4. One possible explanation for the shorter delay in our study is that we assume that the whole population is interacting, while we did not model the individual transmission processes. In addition, individuals in our model generally mix most with individuals in their own age group. Therefore, there is a tendency that the epidemic in school children develops "independently" of how the epidemic develops in the other age groups, and school closure has only small impact on the disease burden in the population that is not directly affected by the intervention. We have performed additional simulations using a lower closure trigger of 0.5% instead of the 1% assumed in the baseline scenario (results not shown). These simulations show that an earlier trigger increases the maximum delay by approximately one third, while the peak timing during long duration closure increased only little.
Our approach is analogous to a recent study by Araz and co-workers [20] , using a dynamic compartmental model combined with calculations of incremental costeffectiveness ratios to select the preferred policy. They studied pandemics with transmissibility in the range R 0 =1.1-2.1, using various closure triggers and fixed school closure durations of 1-24 weeks or prevalence-based reopening triggers. They found that in low transmissibility scenarios, early triggers combined with long closure duration of 12-24 weeks were preferred, regardless of severity; for high transmissibility scenarios, later triggers combined with 8-18 weeks closure were preferred. In Outp= outpatient. Inp= inpatient. AR=attack rate. Scenario A is the base case scenario; scenario B included a 50% reduction in contacts among care-taking parents absent from work based on scenario A; scenario C reduced the compliance to 50% from scenario A. Note: The maximum willingness to pay is set to be NOK 500,000 or US$71,500 based on the government guidance 28 . The most cost-effective option is shown with bold font. comparison, our selected strategies involved much shorter closure durations of 4-8 weeks. One reason for this large discrepancy could be that they used early triggers. In addition, their model has a very long serial interval of 9 days, whereas our model has a serial interval of approximately 4 days due to the infectious profile, which we believe is more in agreement with data [38] . The present work highlights the potential importance of school closure among students who do not need parental care. The benefit of school closure interventions targeting this group appears to have escaped notice in the literature. Our results suggest that closing secondary school alone can decrease the peak prevalence of symptomatic infection by 10-20% while incurring no loss of productivity for parents. Hence, school closure for children over 12 years could have important implications for the functioning of the healthcare system during the surge of a pandemic, when the capacity of health services may be pressured. We note that in Norway laptop computers are mandatory equipment in secondary schools and an organized computer network ("Fronter") for communication between students and teachers in primary and secondary schools is already in place. It would therefore be possible to plan for sustained teaching and learning during an extended school closure, making secondary school closure even more cost-effective. However, for the strategy to be effective, it is important that students actually follow the recommendations and isolate themselves. This may be difficult to achieve for extended periods of time.
The health-economic evaluation in this study was based on estimates of age-specific health-outcome from previous pandemics [26] . If we scale up the results in the baseline scenarios for R 0 =1.5-2.5 pandemics to the national level (Oslo comprises approximately 12% of Norwegian population), our results correspond to 16 000-26 000 hospitalizations and 4 900-8 200 deaths in Norway with an attack rate ranging from 37-58%. In comparison, the yearly influenza epidemics (attack rate of 5-10%) results in approximately 2 700 cases of hospitalizations [34] and approximately 1 000 deaths [39] . Adjusting for the difference in attack rates, this indicates that our results are in reasonable agreement with findings from the seasonal epidemics; however, the numbers are difficult to compare because the seasonal epidemics primarily affect the elderly population.
Our study has several limitations. Firstly, the agespecific contact rate data were adopted from a Dutch study, as no Norwegian data on social mixing is currently available. The contact pattern in Norway may differ, in particular due to the high attendance rates in kindergarten and high employment rate of women. Secondly, the effect of school closure on the contact pattern in the population is not well documented in the literature and is uncertain. However, our choices were guided by observation from weekends and holidays and previous school closures in Oslo due to strikes, etc. Thirdly, the cost of lost learning is uncertain. We used tuition fees as a proxy for the value of learning, but private schools are primarily used by people with higher incomes and the tuition fee may therefore overstate the value of lost learning. Fourthly, productivity losses may be overestimated because some parents who are away from work may be absent anyway because they have influenza themselves. Fifthly, energy savings in schools during school closure may be partly off-set by higher energy use in homes. However, energy in Norway is cheap and only small proportions of households have day-time energy saving systems according to the governmental energy saving organization. Lastly, we have considered school closure as a single strategy. Combining school closure with other interventions such as use of antiviral medications or other social distancing measures might change the conclusions about optimal duration of school closure, and the target group.
Conclusions
School closure has moderate impact on influenza disease and may incur substantial economic costs in terms of lost productivity from care-taking parents absent from work. Closing secondary schools, assuming children above 12 years would not need parental care, is a costeffective strategy from a societal perspective. With the current willingness to pay in Norway, closing kindergartens and primary schools is not a cost-effective policy to mitigate an influenza pandemic, unless the case fatality rates are high. Reliable information on influenza mortality is therefore of primary importance to inform decision-making on school closure. Finally, we note that the perspective of the policy maker is crucial for optimal design of school closure. If the policy maker disregards productivity losses, the optimal strategy is to close as many school as possible for as long time as possible.
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